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NOMENCLATURE 
M,N - lanthanide cations with a +3 valence. 
[ ]^  - activity of the species in the aqueous phase. 
[ ]^  - activity of the species in the organic phase. 
( )^  - concentration of the species in the aqueous phase, moles/liter. 
i )Q ~ concentration of the species in the organic phase, moles/liter. 
- equilibrium constant of the reaction in which M is extracted. 
- thermodynamic distribution coefficient, defined as the total 
activity of all M containing species in the organic phase 
divided by the total activity of all M containing species in the 
aqueous phase at equilibrium. 
(E )^J  ^- distribution coefficient, defined as the total concentration of 
all M containing species in the organic phase divided by the 
total concentration of all M containing species in the aqueous 
phase at equilibrium. 
i^M ~ stability constant of the species . 
'iM r,+3 
T 
5» _ - thermodynamic separation factor. 
= m—-— , when both M and N are present together. 
J- - separation factor. 
(<)M 
= —-— J when both M and N are present together. 
1 
INTRODUCTION 
The elements known as the rare earths or lanthanides, with atomic 
number to 71, are known to have very similar properties in aqueous 
solution, which makes the separation of mixtures of them a very difficult 
problem. An ion-exchange method of separation was developed (l) which made 
it possible to produce the individual lanthanides to a purity of, at least, 
99-99^ - However, the rather low throughput and relatively high production 
costs make the development of a more economical method of separation 
desirable. Solvent extraction offers some economic advantages, and the use 
of solvent extraction in conjunction with ion-exchange has become econom­
ically attractive to some commercial concerns. 
The organophosphates, both the neutral and acidic compounds, have been 
the solvents used predominantly in the extraction of the rare earths. The 
solvent tri-n-butyl phosphate (TBP) is probably the best known of the 
organophosphorus extractants. 
Until recently the organophosphate, di-(2-ethylhexyl) phosphoric acid 
(hereafter designated D2EHPA), has been used primarily to separate and 
purify the heavier lanthanides for analytical purposes, and the studies 
were concerned with tracer level concentrations or at least aqueous con­
centrations very far removed from saturation. This study has been con­
cerned with the extraction of the solutes GdCl^ , DyCl^ , ErCl^  and YbCl, 
from acidic aqueous solutions of widely differing concentrations of both 
the rare-earth chloride and HCl. The organophosphorus solvent, D2EHPA, 
was the active solvent and was diluted to 1 M in Amsco Odorless Mineral 
Spirits. 
2 
The purpose of this work was to determine the effect of (l) the atomic 
number of the lanthanide being extracted, (2) the concentration of HCl in 
the aqueous phase, and (3) the total concentration of rare-earth chloride 
in the aqueous phase on the solvent extraction system MCl^ -HCl-H^ O-
1 M D2EHPA, where M designates the trivalent lanthanide. 
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PREVIOUS WORK 
The most commonly used solvents in the separation and purification of 
the rare earths are the organophosphorus compounds. These are usually 
characterized as being either neutral or acidic in nature. Healy and 
McKay (2) and Hesford and McKay (3) postulated that TBP extracts neutral 
species into the organic phase to give a non-conducting complex. Since 
we are not directly concerned with TBP as a solvent, it will not be 
discussed in detail here; however, it is interesting to note that the use 
of acidic solvents was the result of observations obtained while studying 
TBP as a solvent. 
In early investigations using the solvent TBP for separation of 
zirconium and hafnium, Stewart (4) found that the amount of zirconium 
extracted increased somewhat with the length of time the solvent was 
pretreated with a mineral acid. In a similar study involving the extrac­
tion of thorium, protactinium and uranium frcan an HCl medium, Peppard and 
Gergel (5) noticed that TBP, diluted in pentaether, reacted with the HCl 
to form a product which was a better extractant for protactinium than was 
the fresh TBP. Both Stewart (U) and Peppard and Gergel (5) suggested 
hydrolysis of TBP, and the latter investigators suggested that a mixture 
of mono- and di-butyl phosphoric acids, formed by hydrolysis of the 
tributyl ester, was responsible for increased extraction by the TBP which 
had been aged in contact with the HCl. To simulate the degraded solvent, 
they added a mixture of the two hydrolysis products to fresh TBP, ran an 
extraction, and confirmed their belief. These investigations suggested 
further studies of these and other alkyl phosphoric acids. 
Scadden and Ballou (6) were primarily interested in the separation of 
zirconium and niobium using solvent extraction; however, they observed 
that from a mixture of fission products containing rare earths more than 
95% of the holmium and yttrium and less than 5% of the lanthanum and 
cerium (ill) were extracted into a solvent of 0.6 M dibutyl phosphoric 
acid in di-n-butyl ether. This is the first reported separation of the 
lanthanides using an acidic organophosphorus solvent. 
Most of the fundamental solvent extraction studies using acidic 
organophosphorus solvents have been based on work by Peppard ejt (7) of 
Argonne National Laboratory, published in 1957, where the trivalent 
lanthanides and yttrium were extracted into D2EHPA using toluene as the 
diluent. This particular solvent was chosen because of its lovr solubility 
in aqueous phases and the selectivity of the solvent indicated a good 
degree of separation of yttrium from all rare earths other than holmium 
and erbium. Lanthanides of tracer concentrations were extracted from 
aqueous mineral acid phases, and direct third-power dependence or. the 
concentration of the active solvent (D2EHPA) in the diluent and an 
inverse third-power dependence on the acid concentration in the aqueous 
phase were determined using radiometric techniques. At low acidities the 
formation of an amorphous solid was noted when the mole ratio of metal 
ions in the organic phase to active solvent was l/6. 
Subsequent studies by Peppard and his associates examined in greater 
detail particular areas of this work. Peppard et (8), in 1958, showed 
that the solvent D2EHPA was dimeric in benzene and naphthalene at 0.l8 
molal and 0.17 molal concentrations, respectively. Ferraro et a^ . (9) 
stated that diluents have an effect on the aggregation of D2EHPA, but that 
tile monobasic acids generally are dimer:; in cyclohoxano, tonz'jnc.-, and 
carbon tetrachloride. The representation of this dimer i.-j givon in 
Equation 1, 
PI.... 0 ^  ^0 — R 
P 0 0-R (l) 
/ ^ / 
R^O 
where R is the 2-ethylhexyl group. 
Using tracer techniques and solvents of the type (R0)P0(0H)2 and 
(RC^ gPOCOH), where R is an organic group, with toluene as the diluent, 
Peppard et al. (10) investigated the extraction of various trivalent metals 
from mineral acid phases as a function of the solvent concentration in the 
organic phase, acidity of the aqueous phase, the nature of R, and the posi­
tion of the solute (metal) in the periodic table. A direct third-power 
solvent dependence was found in (RO)gPO(OH) systems where R was 2-ethylhexyl 
and para (1,1,3?3-tetramethyIbutyl) phenyl with the latter solvent showing 
greater extraction. An inverse third-power dependence on aqueous acid 
concentration was also determined. On the basis of these conclusions and 
the presence of the solvent as a dimer in toluene, Equation 2 was given 
as the extraction reaction, 
+ 3 (HG)g M(HGg)^ + 3 (2) 
where (HG)^  is the dimerized solvent and M(H:G2)^  the metal complex 
present in the organic phase. This reaction predicts "saturation" of the 
organic phase when the metal concentration of the organic phase is l/6 the 
concentration of the D2EHPA in the organic phase. 
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Peppard and Ferraro (ll) prepared di-(2-ethylliexyl) phosphates of a 
number of metals including lithium, sodium, scandium, zirconium, thorium, 
and uranium and observed that the salts were non-crystalline, waxy solids 
similar to the amorphous solid reported previously (?)• They also reported 
that there was one nitrate group per atom of thorium (iv) when the di-
(2-ethylhexyl) phosphate of thorium was prepared and the formation of a 
complex Th(NO^ )R^ , where R is the 2-ethylhexyl group, was postulated. 
Similar complexes were not noticed when the anion was chloride or per-
chlorate. 
Peppard, Mason, and McCarty (l2) extracted tracer-level thorium (IV) 
into solutions of (RO)gPO(OH) in toluene where R is 2-ethylhexyl (D2EHPA) 
and para (1,1,3,3-te trame thyIbutyl)phenyl (denoted HDO0P) from aqueous 
percholorate, chloride, and nitrate systems. They observed that at 
3.8 X 10 ^  M D2EHPA in toluene the order of extractability from high to low 
was perchlorate, chloride and then nitrate. They concluded there was 
nitrate in the organic phase and that the other two anions may have been 
present in the extracted species at higher acidities. It was found that 
the moles of nitrate per mole of thorium (iv) for an organic phase heavily 
loaded with the cation was approximately 1.0, while under the same condi­
tions the ratio of moles of chloride to moles of thorium never exceeded 
0.3, and the ratio decreased with decreasing aqueous acidity. For the 
HDO0P system, no anion was found in the organic phase under any circum­
stances. It was concluded that the presence of the anion in extracted 
species depended on (l) the nature of the anion, (2) the nature of the 
substituent group of the active solvent, (3) the concentration of the dimer 
in the organic phase, and (4) the acidity of the aqueous phase. They also 
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recocnized the possibility of mineral acid extraction being tnc source of 
the anion rather than attributing the presence of the anion solely to the 
presence of the metal (i.e. the extraction of a partially ionized metal 
salt). 
In a summary of results obtained to that time, Peppard and Mason (13) 
discussed a number of considerations, basic to the understanding of solvent 
extraction from a fundamental viewpoint, which will be discussed later. 
They concluded that the extraction reaction of lanthanides (ill) of trace 
concentrations from dilute mineral acid solutions is that given by 
Equation 2 and that the lanthanides present in the D2EHPA at saturation 
form a gel-like solid of apparent composition MG^ , which was assumed to 
be a three-dimensional polymer. 
Ferraro and Peppard (l4) studied the structural aspects of the 
organophosphorus extractants and their metallic complexes using spectral 
and molecular weight studies. In a variety of non-polar solvents, it was 
determined that acidic organophosphorus solvents, of which D2EHPA is a 
particular example, are predominantly dimeric. These dimers appeared to 
he very stable and monomerized only in more polar solvents. It should be 
noted that this study was carried out at the comparatively low D2EHPA 
concentration of O.065 M and the aggregation of the active solvent may vary 
as the concentration of the solvent in the diluent is changed. 
In the course of continuing investigations of new extractants by the 
group at Argonne National Laboratory, new solvents have been studied and 
compared (l5, 16, 17, I8, 19, 20) to determine their possible use in the 
separation and purification of the rare earths and actinides. 
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Others were carrying on fundamental research of solvent extraction 
during the same time. Baes, Zingaro, and Coleman (2l) reported that, 
according to isopiestic studies, D2SHPA was dimeric in hexane over the 
range 0.01 M to 1.0 M D2EHPA even though at higher concentrations of the 
solvent higher aggregates of the solvent occur. They concluded that the 
extraction reaction for the extraction of uranyl ions was given oy 
Equations 3 for low organic loading. 
UO^  + 2 (HGOg - U0g(HGg)2 + 2 H"^  (S) 
As the ratio of the concentration of uranium to the concentration of 
D2EHPA increased above 0.25, isopiestic results indicated molecular 
association increased as saturation of the solvent was approached. When 
the ratio of metal to solvent was aoove 0.4$, the viscosity of the organic 
phase rose sharply indicating the formation of chain polymers of the form 
given in Equation k. 
HGg (UOg )GgH - HGg (UOg )Gg (UOg )G^ H - HG^  ( (UOg )Gg )^ G2H (4 ) 
As more and more metal was added to the solvent, the limiting composition 
UO2G2, where G is the di-(2-ethylheD:yl) phosphate ion, was reached. There 
was no evidence of water or anion extraction. A later study (22) indicated 
that D2EHPA may exist in the trimeric state in equilibrium with the dimer 
when the diluent was n-octane, as shown in Equation 5» 
3 (HG)g 2 (HG)^  (5) 
Baes (23) was generally concerned with the effect of the solvent, the 
reagent structure, the ion size and charge, and organic loading on the 
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extraction of metals into dialkyl phosphoric acids. He indicated traz vith 
the dimeric solvent, D2EHPAj, the lanthanides (ill) commonly form complexes 
of the type M(HGg)^ . However, systems at higher organic loadings shov; more 
varied and complicated behavior (i.e. polynuclear complexes existing in 
equilibrium with the mononuclear complex together with the anions in the 
organic phase), Baes presented the possibility that steric considérations 
may cause the rather strange behavior of thorium (iv) reported- by Peppard 
and McCarty (l2). 
McDowell and Coleman (24) studied the extraction of sodium and 
strontium by D2EHPA in benzene and obtained the extraction reactions for 
low solvent loading given by Equations 6 and 7-
Wa"^  ^+ 2 (HG) - NaG-3HG + h"^  (6) 
Sr^^ + 3 (HG) # SrGg'W + 2 H"*" (7) 
The presence of polymeric salts of both metals at ultimate organic loading 
was observed. 
Hardy (25) reviewed work done at Han-rell (26) on the extraction of 
metals by aliyl phosphoric acids and discussed the basic equilibria. Other 
revifcws of the organophosphorus solvents are given by Blake et a2. (27) 
and Burger (28), who restricted the discussion entirely to neutral 
organophosphorus compounds. Burger (28) noted that water should be 
recognized as an effective competitor with the anion and the organic 
solvent molecule for coordination about the central ion. 
Kimura (29) found that for about $0 elements with atomic numbers 
ranging from less than 20 to greater than 90, most of the elements readily 
extractable by a 100% TBP-12 M HCl system were also more extractable in a 
10 
50^  D2EÎIPA (in toluene)-l M HCl system. He therefore concluded that the 
extraction of metal ions from a D2EHPA-I-IC1 system was based not only on 
ion-exchange "but also on partition as in the TBP extraction. Wo notice­
able trend was observed for the rare-earth chlorides specifically since 
only three of them were included in the study. Kimura (30) extracted 
trace levels of all except three rare earths from aqueous solutions con­
taining 0.3 M HCl and showed that the distribution coefficient increased 
as the solvent concentration increased from 0.001 M to 1.0 M. 
Sato (Slj 32, 33) studied the extraction- of uranyl sulfates, nitrates, 
and chlorides under widely varying conditions using 0.1 M D2EHPA, in 
kerosene, as the solvent. The extraction reaction from the sulfate solu­
tion is given by Equation 8; 
UO^  + 2 (HG)^  ^  +2 5'^  (8) 
however, at low acid concentrations the reaction given by Equation 9 also 
occurs to form a polymeric uranium-D2EHPA complex. 
n UO^  + (n+1) (HG)^  (^ 02)n^ 2(n+l)^ 2 + 2n n > 1 (9) 
Equations 8 and 9 "were also valid for the extraction of uranium (vi) from 
acidic chloride and nitrate systems; however, an additional reaction for 
the extraction of nitrate-containing species is given by Equation 10. 
UO^  + 2 NO^  + (HG), - U0g(N0^ )g'(HG)2 (lO) 
In general, the extractions from the acidic nitrate and chloride systems 
were more complicated than from the acidic sulfate system. For concentra­
tions of HCl greater than 6 M and for concentrations of nitric acid greater 
than 3 M, it was found that the mineral acid was extracted into the organic 
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phase probably by the same reaction as acid is extracted by TBP. Sato 
therefore speculated that D2EHPA extracts uranium by ion-exchange at low 
aqueous acid concentrations. At higher acidities, however, extraction 
by D2EHPA from acidic nitrate and chloride systems is more complex than 
extraction by TBP, since extraction by both the ion-exchange reaction and 
the solvating reaction, which extracts metal species when TBP is the 
solvent (2, 3)s probably occur simultaneously. 
Similar studies on the extraction of thorium (iV) from sulfate and 
nitrate systems were also completed (34, 35)- Extraction from the nitrate 
system was more complex than was extraction from the sulfuric acid solu­
tions o 
Recent investigations (36) have determined the effect of s.tructure and 
size of the substituent alkyl group on the extraction and separation 
characteristics of the acidic organophosphorus compounds. There was found 
to be considerable difference in extraction due to branching, but the 
length of the alkyl group had no effect on the extraction. Neither 
branching nor chain length had any effect on the separation character­
istics. 
A number of investigators have used various methods to determine the 
degree of separation of some of the rare earths. Pierce and Peck (37) 
extracted trace quantities of single rare earths from aqueous perchlorate 
solutions into an organic phase of D2EHPA in toluene. The ratio of dis­
tribution coefficients was calculated to give the degree of separation 
which would be expected when two of the rare earths were present together 
at very low aqueous concentrations. 
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Reversed phase partition chromatography was used by Pierce, Peck, 
and Hobbs (38) to determine a ratio of distribution coefficients for trie 
rare earths where the extractant, D2EHPA, was retained on a poly-(vinyl 
chloride/vinyl acetate) copolymer. Trace concentrations of the solute were 
used in both acidic chloride and perchlorate solutions, with the ratio of 
distribution coefficients being higher when the latter aqueous phase was 
used. The ratio of distribution coefficients obtained by reversed phase 
partition chromatography was compared with the ratio of distribution 
coefficients obtained when using D2EHPA (diluted in toluene) as a liquid 
extractant, and they were found to be nearly the sam.e. On the basis of 
the ratio of distribution coefficients obtained, it was concluded that a 
mixture of europium-gadolinium would be the most difficult to separate. 
Winchester (39) used a chromatographic technique where D2EHPA was 
employed as the active extractant. A mixture of trace levels of the rare 
earths and yttrium was used as the feed solution and a stepwise gradient 
of HCl concentrations was selected as the eluting agent such that each 
concentration of acid, if used alone, would bring one of the rare earths 
off the column. 
Fidelis and Siekierski (40) separated the heavy rare earths using TBP 
as the stable phase and high concentrations (11.5 M to 12.5 M acid) of 
either nitric or hydrochloric acid as the mobile (eluting) phase. They 
concluded that the separation factors for adjacent heavy rare earths were 
smaller than those of the lighter lanthanides. 
In later work, Fidelis and Siekierski (4l) noted that in studying the 
separation of the rare earths using reversed phase partition chromatography 
with D2EHPA as the active extractant the separation factor between adjacent 
rare-earth chlorides showed regularitic;: depending on the atomic number 
of the lanthanon with the changes in separation factor fror.-i lanthanum 
to gadolinium and from gadolinium to lutoti\ini being similar. It must be 
noted that the "separation factor" given by these investigators was 
actually a ratio of distribution coefficients obtained at tracer level 
aqueous phase rare-earth chloride concentrations. 
Goto and Smutz (42) derived an expression showing that the separation 
factor of D2EHPA can be expressed as a product of a factor dependent on the 
solvent and a factor describing the state of the equilibrium aqueous phase. 
Experimental data were presented for systems of acidic perchlorate, 
chloride, nitrate, and chloride-nitrate mixtures at concentrations greater 
than tracer levels. 
In order to better understand solvent extraction, more must be knotm 
about the species present in both the aqueous and organic phases. Some 
investigators (7, 11, 12, 13) have postulated the structure, or at least 
the stoichiometry, of the extracted species and a few investigators 
(43, 44, 45, 46) have considered the composition of the solute in the 
aqueous phase. Peppard e^  (44) used acid dependency studies of the 
extractant previously denoted HDO0P to show that this solvent extracted 
trivalent lanthanides and actinides from aqueous perchlorate, chloride, 
and nitrate media as species containing none of the anions present in the 
aqueous phase. They could then determine the stability constant for the 
+2 
formation of MX , where X was the chloride or nitrate ion, after assuming 
+3 +2 
that the only species present in the aqueous phase were M and MX . 
Using another solvent, but the same method, Kolarik (45) determined the 
stability constant for the formation of some rare-earth nitrate complexes 
l4 
of the form M(NO 
Goto and Smutz (46) used a potentiometric method to obtain stability 
+2 
constants for the species, MCI , where M was lanthanum, praseodymium, 
neod^ Traum, and samarium. The determination of stability constants for 
species of the form MCl^  ^and MCl^  were unsuccessful. 
Spedding et al. (47, 48, 49, 50) have measured the viscosities, 
apparent molal volumes, heat capacities, and heats of dilution of some 
rare-earth chloride solutions at various concentrations. Rapidly changing 
viscosity at higher concentrations, due to "obstructions'' in the solution, 
indicate "highly hydrated" electrolytes. Varying values of the other 
properties indicated small but significant changes in the structure of the 
hydrated rare-earth ions as the atomic number increased. 
Brady (51) used x-ray measurements on various concentrations of 
erbium chloride in aqueous solution to determine the geometry of the 
hydrated trivalent erbium ion. The presence of the (Sr^ -^Cl")^  ^ion-pair 
complex was noted. Hov/ever, there are indications that the ion-pair does 
not touch, but that the hydration sheath, which is held firmly, separates 
the two. 
Jorgenson (52) considered the aqueous phase from a more qualitative 
view and suggested that in aqueous solutions containing a low rare-earth 
chloride concentration (O.OOl M to 0.008 M) the trivalent lanthanide ion 
is not changed to a large extent when less than 4 M HCl is present; while 
in concentrated HCl, actual complexes are formed with one or more chloride 
ions bound directly to the central ion. 
Shaw and Bauer (53) discussed the separation of the rare earths when 
the aqueous concentration of the solute was much greater than tracer 
15 
level. They suggested that D2EHPA is an effective extractant v/ith pref­
erence for cerium (IV) and heavy-group rare earths including yttrium, and 
that a nitrate solution of the rare earths has "better extraction and 
separation characteristics than does a sulfate solution. However, a 
decline in extraction due to degradation of the solvent by acidities of 
3 M nitric acid was noted. An additional extraction reaction was suggested 
for acueous nitric acid concentrations of 5 M, where it was supposed that 
the phosphoryl group of the solvent was extracting some of the solute. 
A few review articles dealing with solvent extraction are available. 
Diamond and Tuck ($4) presented a review of the general field of solvent 
extraction with references through 1958. Marcus (55) extended the survey 
and paid particular attention to articles between 1958 and 19^ 2, and 
Peppard (56) restricted his review to solvent extraction using only the 
acidic and neutral organophosphorus compounds as extractants. 
l6 
EXPERIMENTAL 
Hare Earths 
The La, Gd, Dy, Er, Yb, and Lu used in this study were obtained as 
the oxides from the Rare-Earth Separations Group of the Ames Laboratory 
of the Atomic Energy Commission. The purity of the oxides was greater 
than 99.9^ 0 with respect to the presence of other rare-earth oxides as 
determined by emission spectroscopy. 
Reagents 
The D2EHPA was obtained from Union Carbide and was then mixed with 
Amsco Odorless Mineral Spirits as obtained from American Mineral Spirits 
Company to form a 1 M solution of D2EHPA on a monomeric basis (hereafter 
designated 1 M D2EHPA). Titration with sodium hydroxide indicated the 
solvent was 98.% monoacidic. 
The HCl and the nitric acid were reagent grade. 
Preparation of Rare-Earth Chloride Stock Solutions 
The rare-earth oxides were reacted with excess HCl according to the 
overall reaction: 
+ 6 HCl 2 MCl^  + 3 HgO (11) 
The excess chloride was removed by boiling the solution until the pH was 
about 3-5• In this pH range hydrolysis of the rare earths was evident, 
therefore HCl was added until the pH was about 1.0 after heating below the 
boiling point for several hours. This assured the absence of any 
hydrolysis products. 
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The primary stock solutions of GdCl_, DyCl , SrCl_, YbCl and LuCl_ j 0 j j J 
of known concentration of rare-earth chloride and HCl were used in the 
preparation of the feed solutions. The correct amounts of both the pri­
mary stock solution and HCl were measured volumetrically, and tnen water 
was added to give the desired initial rare-earth chloride concentration 
and acidity. 
Equilibration of Aqueous and Organic Phases 
A known volume of aqueous feed solution was equilibrated with an 
equal volume of the organic solvent (l M D2EHPA) in a separatory funnel 
by shaking the two phases vigorously for three minutes, allov;ing the 
phases to separate for at least one hour, and then shaking vigorously for 
an additional two minutes. The separatory funnel was then allovred to sit 
undisturbed for at least twelve hours before the phases were separated 
and the analysis begun. 
Analysis of the Aqueous and Organic Phases 
After separation of the phases, the organic phase was often somewhat 
cloudy, probably due to entrained aqueous material. To remove the cloudi­
ness, the organic phase was centrifuged for at least 15 minutes in a 
clinical centrifuge. After centrifuging the organic phase was quite 
clear, though not colorless. 
A portion of the organic phase was then measured volumetrieally into 
a separatory funnel where it was contacted four times with equal volumes 
of approximately 6 M HCl. This removed the solute quantitatively from the 
organic phase for all systems except when YbCl_ or LuCl_ were the solutes. j j 
The aqueous strip solution was then analyzed for rare-earth content, and 
18 
the concentration of rare earth in the organic phase was calculated. 
When YbCl^  or LuCl^  were the solutes, the lanthanide concentration in the 
organic phase was determined by difference between the initial and final 
aqueous concentrations of the solute. 
The total lanthanide concentration in the initial and final aqueous 
solutions and in the organic back-extract was determined by EDTA titration 
using pyridine as the buffer and arsenazo as the indicator according to 
the procedure given by Fritz et (57) • 
The acidity of the initial and final aqueous solutions was measured 
using the cation exchange resin Dowex 50 x 8 as outlined by Adams and 
Campbell (58). The cation exchange resin exchanged three hydrogen ions 
for one rare-earth ion; then the total hydrogen ion present was titrated 
using standardized sodium hydroxide with phenolphthalein as the indicator. 
The EDTA was standardized by titrating a solution of known rare-earth 
chloride concentration. This known rare-earth concentration was obtained 
by precipitating the rare earth in an aliquot of the solution as the 
oxalate, and then burning the oxalate to the oxide. The oxide was the 
weighed on an analytical balance. 
Separation Factor Studies 
The methods of equilibrating the phases, stripping the organic phase 
and determining the total concentration of the solutes in both the organic 
and aqueous phases have been discussed previously. The composition of 
the phases containing both Gd and Dy was determined using a spectrophoto- ' 
metric method given by Banks and KLingman (59). Aliquots of the equi­
librated aqueous samples and the organic strip solution were precipitated 
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with oxalic acid and ignited to the oxides in the same manner ac the 
rare-earth chloride stock solutions were standardized. Known weights of 
these oxide mixtures were dissolved to form approximately 1 M perchlorate 
solutions, and the relative amounts of gadolinium and dysprosium were 
determined using a Beckman DU-2 spectrophotometer. The Gd absortance was 
read at 272.8 with a slit width of 0.05 mm using a hydrogen lamp. The 
Dy absorbance was read at 908.0 with a slit width of O.O3 mm using a 
tungsten lamp. 
Presence of Chloride in the Equilibrium Organic Phase 
To test for the presence of chloride in the extracted species an 
aqueous solution of silver nitrate was mixed with a portion of previously 
centrifuged equilibrium organic phase- The presence of the characteristic 
white precipitate in the aqueous layer indicated the presence of chloride 
in the organic phase. 
Concentration of Chloride in the Equilibrium Organic Phase 
A known volume of the organic phase was stripped three times with 
double volumes of approximately 6 M nitric acid to remove the chloride 
from the organic phase. A potentiometric titration with silver nitrate 
was then run on an aliquot of the chloride-containing nitric acid solution 
to determine the concentration of chloride. 
Removal of Yb and Lu from the Organic Phase Using gO^  HF 
The solutes, Yb and Lu, were rettioved from the organic phase by con­
tacting the solvent four times with double volumes of 20^  hydrofluoric 
acid. The rare earth was precipitated as the rare-earth fluoride. 
The rare-earth fluoride was filtered and dried, and then heated to 
700° C in an HF atmosphere to insure the formation of only the rare-earth 
fluoride. This rare-earth fluoride was then weighed and the weight of 
this salt indicated that all of the rare earth had heen removed. 
To determine the effectiveness of other reagents in stripping Yb from 
the organic phase, qualitative flame _emission techniques were used 
directly on the organic phase to determine the extent of the removal of 
the solute. This method indicated that all of the Lu and Yb had "been 
removed from the solvent when a 20^  hydrofluoric acid strip solution was 
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DISCUSSION 
In the study of a solvent extraction system the effects of a number 
of variables must be considered. In evaluating these variables the 
physical characteristics of the components of the system must be examined. 
In this study the experiments were carried out at constant temperature 
(25° ± 1° C.) and ample time (60) was allowed for equilibrium to be 
reached; therefore, temperature and time-dependent effects need not be 
discussed. Peppard and Mason (13) listed many considerations which may 
be simplified somewhat so that we consider the presence of all possible 
components and their effects in each of the phases. First the organic 
phase is considered. 
0-1. The number and relative importance of any metal containing 
species. 
0-2. The state of aggregation of the extracted species with respect 
to the metal. 
0-3. The state of aggregation of the active extractant and its 
degree of dissociation as an acid in the organic phase 
consisting of the extracted species, the extractant, and the 
diluent. 
0-4. The presence or absence of anions other than those of the 
extractant in the extracted species. 
0-5. Effect of the diluent on the various species existing in the 
organic phase. 
It should be noted that there may be more than one type of metal-
containing species in the organic phase and that other extracted species. 
not containing metal, may be present. 
Now the aqueous phase will "be considered. 
A-1. The state of the metal in the aqueous phase. The presence of 
various complexes^  of the metal with the anions present in the 
aqueous phase together with any hydrolysis products. 
A-2. The presence and the state of aggregation of the extractant 
and its degree of dissociation as an acid in the aqueous phase. 
A-3- The tendency of the extractant to form complexes with any 
cations J anions, or other complexes present in the aqueous 
phase. 
A-4. Geometry and coordination number of the metal ion. 
A-5. Concentration and effect of acid present in the aqueous phase. 
The preceding ten factors are related to the present study in the 
following ways : 
0-1. and 0-2. It has generally been agreed that for the extraction 
of trivalent rare earths Equation 2 is the extraction reaction 
and the extracted species is of the form Under suit­
able conditions (low acidity with rather high lanthanide 
concentration in the aqueous phase) a three-dimensional gel­
like material is formed. It seems reasonable to assume that 
both species, and perhaps all, of the metal chloride complexes 
"The term "complexes" as used hereafter refers to species where 
covalent bonding is actually present, or to ion-pairs where the inorganic 
ligand lies somewhat outside the primary hydration sphere of the metal 
ion, but strong ion-ion interaction is present as Brady (5l) observes. 
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are present at all conccntrationo of metal in the organic phase 
with, perhaps, one complex predominating in number and impor­
tance at low organic loadings and another at high concentra­
tions of the metal in the organic phase. 
0-3. and 0-5- Although it has been reported (3, 10, 12, 21) that 
D2EHPA forms primarily dimers in non-polar diluents, some 
investigators (21, 22) have deduced that it may also exist as 
higher aggregates. Therefore, it is proper to say only that 
D2EHPA probably exists primarily as a dimer in the organic 
phase before any extracted species are formed. After some 
extracted species are present, the composition and, therefore, 
the behavior of the "solvent" may be changed because the 
"solvent" is then composed of all of the extracted species, 
the remainder of the active solvent, and the diluent. Thus it 
is assumed that the solvent may have different states of 
aggregation and its behavior may be markedly affected as the 
types of species and their concentrations vary in the equilib­
rium aqueous phase. 
0-4. When D2EHPA was contacted with an aqueous phase having HCl 
concentrations greater than 6 M, both in the presence and 
absence of other solutes, HCl was extracted (33). Therefore, 
it is reasonable to assume that some chloride would be extracted 
as the acid by D2EHPA when the acid concentration is high in 
the aqueous phase and that the anion may be present as com- — -
plexes with the lanthanides in the organic phase as was found 
in the case of thorium (11, 12). 
2h 
Generally the factors affecting the organic phase are closely 
related and each factor cannot be discussed and evaluated independently. 
It should be noted that all constituents of the organic phase affect its 
properties and behavior and there are undoubtedly interactions involved. 
Also, for a given concentration of D2EEPA in a diluent, the physical 
composition of the phase is continually varying as extraction proceeds 
due to the introduction of additional extracted species and the changing 
concentration of species already present. 
The factors affecting the aq.ueous phase will not be discussed: 
A-1. There are many possible species in the aqueous phase including 
the metal, the inorganic ligand, hydrogen and hydroxyl ions 
and complexes containing all of these entities. Biedermann 
and Ciavatta (6l) indicated the,t hydrolysis products of the 
rare earths occur when the acidity is very low. In this study 
a rather high acidity (greater than 0.5 M CHl) was present in 
every instance, and the presence of any hydrolysis products 
may be neglected. The presence and relative amounts of com­
plexes between the metal ion and the inorganic ligand are 
governed by stability constants and will be discussed later. 
A-2. and A-3- The solvent D2EHPA was chosen because of its very low 
solubility in aqueous solution, and because Peppard _et a^ . (13) 
found that the effect of the extractant present in the aqueous 
phase may be neglected. 
A-4._ Although a number of investigators (kk, 45, 46, 47, 48, 49, 
50, 51, 52) have studied the aqueous phase, no definite 
quantitative statements can be made about the geometry and 
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coordination number of the metal ions. Spedding £t al. 
(47, 48, 49s 50) indicated that the coordination number of the 
rare earths in rare-earth chloride solutions changed as the 
atomic number increased with lanthanum through neodymium 
possibly having a coordination number of nine and terbium 
through lutetium having a lower coordination number, possibly 
eight. The lanthanides between neodymium and terbium exhibited 
an equilibrium between the two coordination numbers. This 
gradual decrease in coordination number was generally attributed 
to the decrease in ionic radius of the rare-earth ion as the 
nuclear charge was increased. The coordination number of all 
of the lanthanide ions may vary slightly and the equilibrium 
between the two coordination numbers exhibited by the middle 
lanthanides may depend on the concentration of the rare-earth 
ion and on the identity and concentration of the inorganic 
ligand. It has also been shown' that there is a firmly held 
octahedral arrangement of water molecules around the trivalent 
erbium ion (51) and that the structure of the rare-earth 
chloride complexes probably varies at, the anion concentration 
is changed (52). Thus the composition and concentration of all 
species present in the aqueous phase influence the complexes 
and, therefore, the coordination of these ccxnplexes. 
A-5. The effect of acid concentration has been alluded to above. As 
the concentration of the acid is increased, the concentration 
of the inorganic ligand must also increase. This influences 
the coordination number of the metal im, and also the 
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concentrations of the various complexes, or ion-pairs, between 
the metal ion and the ligand of the mineral acid. 
The influence of the concentration of acid in the equilib­
rium aqueous phase on the extraction reaction will be discussed 
in more detail later in this section. 
The interactions between any of the above factors may also influence 
the extraction: however, the evaluation of these interactions is extremely 
difficult. 
Since the extraction of metal chloride complexes and undissociated 
HCl seems to be possible, general expressions for these extractions will 
be given. The ion-exchange reaction of the trivalent metal has been given 
in Equation 2. Lenz (62) derived an equation which assumed the simul­
taneous extraction of the trivalent metal and the undissociated metal 
chloride. Additional reactions which allow for the extraction of HCl and 
possible other metal chloride complexes are given by Equations 12 and 13, 
respectively. 
+ Cl" + a X  ^HCl-aX (12) 
+ n. CI- + + a-3S(n)c(n) 
+ (3-n) k"^ - , n = 0,1,2,3 (13) 
These equations assume that HCl is extracted as a neutral species, and 
that metal chloride complexes, with the exception of the case when n = 3, 
ars extracted by aa i6h=@%ahahga reaction. When the héutïâl molecule is 
extracted another type of extraction reaction is necessary. In Equation 
12 the quantity a is constant a,nd X is the solvent entity which extracts 
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HCl. The quantities o(n) and c(n) are variables that depend on the dis­
crete variable n. For the particular case of extraction according to 
Eouation 13 where n = 0, the values on b(n) and c(n) are 3 and S, respec­
tively. The value of c(n) can be interpreted as the type of solvent 
molecule (i.e. monomer, dimcr, or trimer, etc.) which extracts the solute 
species, and the value of b(n) denotes the number of these solvent entities 
required to perform the extraction. 
The equilibrium constants for the extraction reactions given by 
Equations 12 and 13 are shown in Equations l4 and 15, respectively. 
The brackets refer to the activity of the species and it is important to 
note that the values of the equilibrium constants given in Equation 15 
depend on the value of n. 
The effect of the acidity of the aqueous phase on the extraction can 
be determined by considering Equations l4 and 15. The extraction of the 
neutral HCl would increase as the acid activity is increased, as would be 
expected, since the availability of the extractable species would increase 
as the acid activity increased. According to Equation 15, the increase of 
acid activity decreases the extraction of the metal chloride complexes, 
except when the neutral species is extracted and there is no acid depen­
dence. However, the acid activity also affects the relative activities 
[HCl-aX] 
(14) 
+l(3-n) 
, a = 0,1,2,3 (15) 
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of the extractable species. When the acid activity increases, the propor­
tion of the higher metal chloride complexes in the aqueous phase also 
increases. Therefore increased acid activity seems to favor the extrac­
tion of neutral HCl and the more complexed metal species while the lower 
acid activity favors the extraction of the trivalent metal (i.e. n = O) 
according to Equation 2. 
Due to the high acid concentration in the aqueous phase, it may be 
assumed (3) that the only metal chloride complexes are MCI ICl^ ,^ 
and MDl^ . The distribution of the metal among these species can be given 
by the stability constants which are shown, in Equation 16. 
PiM = — 1 , i = 1,2,3 (16) 
Equations analogous to Equations 15 and I6 may be written for the 
extraction of metal KT, which is assumed to be less extractable than metal 
M. Combining all of the equations as was done by McKay (3) will result in 
Equation 17 for the thermodynamic separation factor where all of the 
reactions of Equation 15 occur simultaneously. 
•p. 
n^=0 J V j 1 
-"a 
(17) 
T This equation for  ^is the extension referred to by Lenz (Ô2) and is 
also particular to the case when a single anion, chloride in this study. 
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is present. The first factor of Equation 17 is a ratio vhich dépende on 
(l) the equilibrium constants of the extraction reactions, (2) the concen­
tration of the anion, (3) the aggregation of the solvent, (h) the solvent 
dependency in the extraction reactions, and (5) the acid concentration of 
the aqueous phase. The second factor is essentially a ratio of the ability 
of the two metals to complex with the anion in the aqueous phase. 
Because of the lanthanide contraction of the rare-earth ions, it is 
probable that as the atomic number increases throughout the eerier,, the 
degree of complexing with the anion will also increase. This single con-
sideration would dictate that D2EHPA would preferentially extract the lower 
lanthanides; he,-/ever, this is not the case since it is observed that as 
the atomic number is increased the extractability also increases very 
significantly. Therefore, the degree of aggregation of the solvent and the 
preference of the solvent for one rare earth over another, together with . 
effects of the aqueous phase, determine the performance of the solvent in 
a particular system. The effects of the aqueous phase may be related to 
complexing in the aqueous phase and changes in the coordination number of 
the metal ions in the aqueous phase as their atomic number increases. 
The presence of three-dimensional polymers when the ratio of the con­
centration of the trivalent rare earth to the concentration of the active 
solvent is greater than I/6 has been noted by some investigators (7, 11, 
13). This explanation of the phenomenon appears to be satisfactory only 
as a first approximation, since previous work (63) in this group while 
using the undiluted solvent, indicated that the gelatinous third phase 
may form when the ratio of the metal concentration and the active solvent 
concentration was much less than 1/6. These studies also indicated that 
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even though the ratio of metal concentration to solvent concentration was 
greater than l/6 the organic phase was still a licuid, triough quite 
viscous, and not a gelatinous material. The extraction of metal cnloride 
complexes by the ion-exchange reactions; given in Equation 15 would allow 
the ratio of metal concentration to solvent concentration in the organic 
phase to exceed l/6. Similarly, the extraction of the undissociated rare-
earth chloride would result in a greater ratio of rae'cal concentration to 
solvent concentration in the light phase. 
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DISCUSSION OF RESULTS 
Equilibrium Data for the Systems MCl^ -HCl-HgO-l M D22HPA 
Equilibrium data for the systems MCl^ -HCl-HgO-l M D2EriPA were obtained 
where the metal chlorides investigated were CdCl^ , DyCl_, SrCl^ , and ïoCl^ . 
Based on the extraction reaction given by Equation 2, the follcwing three 
variables must be considered: (l) the aqueous phase rare-earth chloride 
activity, (2) the aqueous phase activity of HCl, and (3) the activity of 
the metal-containing species in the organic phase. As may be seen from 
Equation 2, the amount of extraction decreases as the acid activity of the 
aqueous phase increases for a particular activity of the solute in the 
aqueous phase. Since the experimental determination of the pertinent 
activities was not possible, the respective concentrations were measured. 
Figures 1, 2, 3, and 4 present the equilibrium data in graphical form 
indicating the concentration of the rare earth in the organic phase as 
the aqueous rare-earth chloride concentration and acidity were varied. 
The points indicate experimental results; however, the concentration of 
HCl in the equilibrium aqueous solution must necessarily be associated 
with each point. Equilibrium curves have been drawn on each of the figures 
to indicate the equilibrium at constant aqueous HCl concentration. 
Equilibrium data for the system GdClg-HCl-HgO-l M D2EHPA 
The equilibrium data for the system GdCl^ -HCl-H^ O-l M D2EHPA are 
shown graphically on Figure 1. The same data, in more complete tabular 
form, are shown in Tables 1, 2, 3> and 4 where the aqueous acidities are 
approximately 0.8 M, 1.14- M, 2.8 M, and 5-0 M, respectively. 
o 
A 
• 
+ 
0.8 M H Cl. 
I .4M H Cl. 
2.8M H Cl. 
5.0 M H et 
-o Tr 
/ 
L/ / 
h 
U. 
1 
I 
V 
/A 
IL 
-o 
"-O-
-A, 
-<L 
OL. 
—A. 
-A_ 
O 
CD 
 ^— D— 
iÇJ. 
0 0.25 
_ —• •—D — 
0.50 0.75 
-a D-
r.ltrr'i 
TT O 
_L. 
100 1.25 1.50 1.75 2.00 225 2.50 275 
MOLES Gd Ciy LITER, AQUEOUS 
Figure 1. EqutJibrinm data for the system GdCI^ -JICl-H^ O-1 M D.?EnPA 
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Taule 1. Equilibrium data for the zystem. 0-1 M 'D2EKPA at 
approximately 0.8 M HCl 
Concentration of 
GdCl^  in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
HCl in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
C-d in 
Equilibrium Organic 
Phace 
moles/liter 
0.049 0.812 0.069 
0.049 0.811 0.069 
0.255 0.776 0.097 
0.255 0.779 0.097 
0.501 0.808 0.100 
0.501 0.808 0.100 
0.746 0.846 0.099 
0.744 0.849 0.099 
0.992 0.821 0.098 
0.991 0.824 0.098 
1.25 0.845 0.094 
1.24 0.845 0.094 
1.48 0.787 0.091 
1.49 0.765 0.091 
1.73 0.773 0.086 
1.73 0.803 0.086 
1.99 0.735 0.0S3 
1.98 0.776 0.083 
2.23 0.769 0.078 
2.22 0.786 0.078 
2.47 0.781 0.075 
2.47 • 0.832 0.076 
2.72 0.701 0.072 
2.71 .0.768 0.072 
3^ 
Table 2. Equilibrium data for the system GdCl_-HCl-H 0-1 M D2SÏIPA at 
approximately 1.4 M HCl 
Concentration of 
GdCl^  in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
HCl in 
Equilibriaim Aqueous 
Phase 
moles/liter 
Concentration of 
Cki in 
Equilibri'orr. Organic 
Phase 
moles/liter 
0.076 1-43 0.027 
0.076 1.43 0.027 
0.267 1.43 0.048 
0.267 1.42 0.048 
0.514 1.41 0.0)5 
0.514 1.39 0.055 
0.766 1.40 0.055 
0.766 1.40 0.055 
1.02 1.37 0.053 
1.02 1.4l 0.053 
1.28 1.40 0.049 
1.27 1.37 0.049 
1.52 1.40 0.045 
1.52 1.40 0.045 
1.76 1.40 . 0.041 
1.76 1.40 0.041 
2.02 1.38 0.039 
2.02 1.40 0.039 
2.26 1.38 0.036 
2.26 1.32 0.036 
2.50 1.46 0.035 
2.49 1.47 0.035 
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Table 3, Equilibrium, data for the system GdCl„-HCl-H^ O-l M at 
approxiiriately 2.8 M HCl 
Concentration of 
GdCl- in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
HCl in 
Equilibrroni Aqueous 
Phase 
moles/liter 
Concentration of 
Gd in 
Equilibrium Organic 
Phase 
nolos/liter 
0.074 2.89 0.0G2C 
0.074 2.88 O.OG26 
0.281 2.81 0.0078 
0.281 2.81 0.0078 
0.535 2.83 0.0103 
0.537 2.86 0.0101 
0.788 2.80 0.0112 
0.789 2.79 0.0112 
1.04 2.83 0.0113 
1.04 2.82 0. 0112 
1.28 2.85 0.0107 
1.28 2.84 0.0109 
1.54 2.87 0.0107 
1.53 2.87 0.0108 
1.78 2.86 0.0110 
1.78 2.84 0.0110 
1.99 2.87 0,0117 
1.98 2.84 0.0118 
Table 4. Equilibrium data for the system GdCl -I-iCl-HpO-1 M D2EHPA at 
approximately 5.0 M HCl 
Concentration of 
GdCl^  
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
HCl in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
Gd in 
Equilibrium Organic 
Phase 
moles/liter 
0.056 4.97 0.0002 
0.056 4.98 0.0002 
0.251 4.99 0.0011 
0.251 4.98 0.0011 
0.504 5.02 0.0021 
0.504 5.01 0.0021 
0.763 4.95 0.0031 
0.764 4.93 0.0031 
1.02 4.96 0.0043 
1.02 4.95 0.0043 
1.28 5.00 0.0066 
1.27 4.91 0.0066 
1.27 5.08 0.0071 
1.27 5.09 0.0071 
It I'd. 11 be noted that at 0.8 M HCl, the equilibrium curve increased 
rapidly as the aqueous phase concentration of gadolinram chloride was 
increased, reaches a definite maximum, and then decreased gradually as 
the aqueous concentration of the solute increased further. This is 
similar to equilibrium data obtained by Lenz and Smutz (64) and STair and 
Smutz (65) where the rare earths were lanthanum, praseodymium, neodymium, 
and samarium. As the aqueous acidity increased the maxium was less 
definite and the decrease in the organic concentration with increasing 
aqueous concentration was less noticeable until finally at approximately 
2.8 M HCl, the organic concentration appeared to stay nearly constant as 
the aqueous rare-earth chloride concentration increased beyond approxi­
mately 1.25 M GdClg. As the acidity was further increased to 5-0 M, the 
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equilibrium curve increased steadily as the aqueous rare-earth chloride 
concentration was increased to saturation. 
Thus the equilibrium, curve gradually changed shape from a curve 
similar to those found for the loiver rare-earth chlorides, which exhibits 
a maximum, to a shape where the organic concentration remained constant; 
and, finally, to a curve where the organic rare-earth concentration 
steadily increased as the aqueous solute concentration increased. 
In testing the organic phase for the presence of chloride using a 
silver nitrate solution, varying evidences of a precipitate were noted. 
At lower acidities (0.8 M and 1.4 M), there was no noticeable precipitate 
while at higher acidities (2.8 M) the amount of the precipitate increased 
as the rare-earth concentration increased. At $.0 M acidity in the aqueous 
phase, the silver nitrate test showed a very definite presence of chloride 
in the organic phase. 
A comparison of the aqueous acidities before and after extraction 
indicated that, except at the highest acidity, three hydrogen ions go to 
the aqueous phase for each rare-earth ion extracted. This is a further 
indication that there is very little extraction of species containing 
chloride except at quite high acidities. 
Equilibrium data for the system DyClg-ECl-H20-l M D2EHPA 
Figure 2 shows graphically the equilibrium data obtained for the 
system DyCl^ -HCl-H^ O-l M D2EHPA. These data are shown in tabular form in 
Tables 5, 6, and 7 where the acid concentration of the equilibrium aqueous 
phase is approximately 1.4 M, 2.7 M, and 5.0 M, respectively. 
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Table p. Equilibrium dat a for tile system DyCl_--HCl-H 0-1 M D2SHPA at 
approximately 1.4 M ilCl 
Concentration of Concentration of Concentration of 
DyCl^  in HCl in Dy in 
Equilibrium Aqueous Equilibrium Aqueous Equilibrium Organic 
Phase Phase Phase 
moles/liter moles/liter moles/liter 
0.065 1.38 0.108 
0.066 1.37 0.108 
0.269 1.38 0.128 
0.270 1.37 0.128 
0.510 1.37 0.132 
0.509 - 1.35 0.132 
0.768 1.37 0.130 
0.766 1.34 0.132 
1.01 1.35 0.130 
1.01 1.35 0.130 
1.25 1.37 0.127 
1.25 1.37 0.126 
1.48 1.37 0.126 
1.49 1.36 0.125 
1.73 1.4l 0.123 
1.73 1.42 0.121 
1.98 1.47 0.118 
1.98 1.43 0.116 
2.23 1.44 0.116 
2.47 1.43 0.113 
2.47 1.47 0.116 
2.45 1.55 0.116 
2.44 1.47 0.116 
ko 
Table 6. Equilibriiim data for the system DyCl_-HCl-H C-1 M D2EHPA at 
approximately 2-7 M HCl 
Concentration of Concentration of Concentration of 
DyCl- in HCl in Dy in 
Equilibrium Aqueous Equilibrium Aqueous Equili oriu.Ti Or;'-:anlc 
Phase Fnas c ?ha:jo 
molcs/liter moles/liter molcs/litcr 
0.116 2.51 o.c4o 
0.316 2.78 0.059 
0.317 2.78 0.059 
0.564 2.75 0.066 
0.565 2.74 0.066 
0.817 2.72 0.069 
0.817 2.7k 0.069 
1.08 2.76 0.068 
1.08 2.76 0.069 
1.34 2.73 0.069 
1.34 2.73 0.069 
1.60 2.61 0.070 
1.59 2.62 0.070 
1.85 2.65 0.070 
1.85 2.60 0.069 
2.09 2.74 0.070 
2.10 2.68 0.071 
Table 7- Equilibrium dat; a for the system DyCl^ --HC1-H_0-1 M D2EHPA at 
approximately 5 .0 M HCl 
Concentration of Concentration of Concentration of 
DyCl^  in HCl in Dy in 
Equilibrium Aqueous Equilibrium Aqueous Equilibrium Organic 
Phase Phase Pharje 
moles/liter moles/liter mole-r:/liter 
0.065 4.98 0.006 
0.065 5.00 0.005 
0.276 4.98 0.017 
0.276 4.96 O.GI7 
0.518 5.00 0.023 
0.518 4.99 0.024 
0.761 4.94 ' 0.028 
0.762 4.94 0.028 
1.01 4.92 0.032 
1.00 4.92 0.032 
1.25 5.04 0.036 
1.26 5.01 0.036 
1.42 5.10 0.042 
1.43 5.03 0.042 
At relatively low acidity, 1.4 K KCl, the shape of the equilibrium 
curve resembles that of GdCl^  at the same acidity; there is a rather flat 
maximum organic concentration at aqueous rare-earth chloride concentration 
of about 0.5 M. At aqueous concentrations of solute greater than 0.5 M 
the solute concentration of the organic phase decreased very slightly. 
VJhen the acidity was raised to approximately 2.7 M in the aqueous 
phase the relative maximum in the organic solute concentration was no 
longer evident. The rare-earth concentration of the organic phase 
increased rapidly as the aqueous concentration increased to approximately 
0.75 M DyCl^  and then remained nearly constant as the aqueous phase con­
centration of the solute was increased to saturation. At still higher 
aqueous phase acidity (5.0 M HCl), the organic phase concentration of Dy 
42 
steadily increased as the aqueous phase concentration incroased io 
saturation. 
In the test for chloride in the equilibrium organic phase by adding 
silver nitrate, no appreciable amount of precipitate was evident in any 
of the samples at the lowest acidity. Therefore, it vas concluded there 
was very little chloride in the extracted species under these conditions. 
As the acidity was increased to 2.7 M, the amount of precipitate increased 
as the rare-earth concentration increased. At 5-0 M HCl, definite evidence 
of chloride in the organic phase was noted regardless of the concentration 
of rare-earth chloride in the aqueous phase. 
Equilibrium data for the system ErClg-HCl-HgO-l M D2EHPA 
Equilibrium data for the system ErCl^ -HCl-H^ O-l M D2EHPA are shown in 
Figure 3- The aqueous acidities for each equilibrium condition are shovm 
on Tables 8, 9, and 10 for acidities of approximately 1.4 M, 2.5 M and 
5.0 M, respectively. 
At approximately 1.4 M HCl concentration in the aqueous phase, the 
solute concentration of the organic phase increased rapidly until the 
equilibrium rare-earth concentration of the aqueous phase reached about 
0.5 M ErCl^ . From 0.5 M to about 1.8 M ErOl^  concentration, the concen­
tration of Sr stayed nearly constant at about 0.l4 M in the organic phase. 
Then at aqueous phase concentrations greater than 1.8 M, the organic 
phase concentration of the solute began to increase. 
Similar behavior was noticed for acidities of approximately 2.5 
HCl, except the increase in organic phase concentration for relatively high 
rare-earth concentrations of the aqueous phase began at somewhat lower 
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Table 8. Equilibrium data for the uysteni ErCl^ -HCl-H,.G-l M D2EHPA at 
approximately 1.4 M HCl  ^
Concentration of 
ErCl^  in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
HCl in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
Er in 
Equilibrium Organic 
Phase 
mole :j/liter 
0.037 1.46 0.122 
0.037 1.48 0.122 
0.040 1.54 0.114 
0.040 1.53 0.115 
0.225 1.48 0.142 
0.225 1.48 0.143 
0.252 1.52 0.136 
0.253 1.51 0.136 
0.486 1.43 0.145 
0.487 1.43 0.146 
0.753 1.40 0.145 
0.753 1.38 0.145 
0.999 1.38 0.142 
1.00 1.39 0.142 
1,24 1.35 0.142 
1.24 1.38 0.142 
1.49 1.35 0.142 
1.49 1.34 C.l4l 
1.74 1.32 0.142 
1.75 1.30 0.142 
1.96 1.72 0.139 
1.96 1.77 0.139 
2.20 1.75 0.l4l 
2.21 1.74 0.l4l 
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Table 9- Equilibrium data for the system ErCl -HCl-HpO-1 M D2EKPA at 
approximately 2.5 M liCl 
Concentration of 
ErCl^  in 
Equilibrium Aqueous 
Plias e 
moles/liter 
Concentration of 
HCl in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
Er in 
Equilibrium Organic 
Phase 
molcs/litcr 
0.04? 2.53 0.086 
0.047 2.53 0.085 
0.236 2.53 0.117 
0.237 2.53 0.117 
O.52S 2.55 0.113 
0.531 2.56 0.113 
0.778 2.52 0.115 
0.780 2.51 0.114 
1.03 2.40 0.115 
1.04 2.40 0.114 
1.29 2.35 0.116 
1.29 2.38 0.115 
1.54 2.27 0.116 
1.54 2.27 0.115 
1.79 2.74 . 0.117 
1.78 2.57 0.118 
2.03 2.50 0.122 
2.04 2.54 0.122 
2.14 ' 2.59 0.124 
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Table 10. Zquilibriuin data for the system ErCl -HCl-HpO-l M D2EI-iPA at 
approximately 5.0 M HCl 
Concentration of Concentration of Concentration of 
ErCl^  in . HCl in Er in 
s> 
Scuilibriuni Aqueous Equilibrium Aqueous Equilibrium. Organic 
Phase Phase Pnase 
moles/liter moles/liter KOles/litsr 
0.085 4.94 0.034 
0.08) 4.97 0.034 
0.260 5.05 0.060 
0.259 5.06 O.CcO 
0.500 5.06 0.074 
0.501 5.05 0.074 
0.749 5.05 0.081 
0.747 5.09 0.081 
0.997 5.11 0.086 
0.995 5.11 0.086 
1.24 5.10 0.093 
1.24 5.06 0.093 
1.48 5.05 0.102 
1.48 5.06 0.101 
aqueous phase concentration of ErCl^  (approximately 1.6 M). 
At somewhat higher acidity of the equilibrium aqueous phase no 
leveling of organic concentration with increasing aqueous ErCl^  concentra­
tions was evident. As was observed for the two previous solutes dis­
cussed, when the aqueous acidity was $.0 M the organic phase concentration 
of the solute increased steadily as the aqueous phase concentration of 
ErCl^  increased to saturation. 
When testing the equilibrated organic phase for the prescncc of 
chloride, indications of some chloride were evident. It wac not possible 
to estimate quantitatively the amount of chloride present, but it was 
apparent there was some chloride present regardless of the concentration 
of ErCl^  in the equilibrium aqueous phase, and the amount of precipitate 
hi 
increased as the ErCi^  concentration of the aqueous phase increased if 
the aqueous phase acidity was approximately 2-5 M or greater. When the 
concentration of HCl was I.5 M, the results of the test for the presence 
of chloride were inconclusive. 
Equilibrium data for the system YbClg-HCl-H20-1 M D2EHPA 
Figure 4 shows the equilibrium data for the system YbCl^ -HCl-H^ O-
1 M D2EHPA. More complete tabulated data are given in Tables 11 and 12. 
The equilibrium curve for $.0 M HCl in the equilibrium aqueous phase 
shows the familiar shape of previously discussed solutes when the acidity 
was rather high (approximately 5 M or greater). It indicates that as the 
aqueous phase concentration of YbCl^  increased, the concentration of Yb in 
the organic phase increased steadily to a maximum value of O.I76 moles per 
liter. This was the highest concentration of solute in the organic phase 
that was observed in this study for cases where a gelatinous third phase 
vas not evident. 
At still higher acidities of approximately 7-7 M HCl in the equilib­
rium aqueous phase the organic concentration of Yb increased rather rapidly 
as the aqueous phase concentration of YbCl^  increased to saturation. It 
appears, on the basis of the data available, that the equilibrium curves 
intersect. 
The addition of silver nitrate solution to the organic phases indi­
cated the presence of chloride in the equilibrium organic phase regardless 
of the conditions. More quantitative results will "be presented later in 
this discussion. 
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Table 11. Equilibrium data for trie system YbCl^ -HCl-H-O-l M D22HPA at 
approximately 5.0 M HCl 
Concentration of Concentration of Concentration of 
-YbCl. in liCl in Yb in 
Equilibrium Aqueous Equilibrium Aqueous Equilibriuz.i Or;"anic 
Pil.'iSC Û c.-
moles/liter molec/].itcr raol'.;r;/li ler 
0.034 .^39 0. 0 
0.036 y . ^!-0 G.GC4 
0.187 0 * " 
0.187 > . cO -J . .L .. y 
0.419 :;.c6 ^ 
0.420 p .08 0.1 j2 
0.668 5.33 G.134 
0.666 >.37 0.136 
0.901 5.31 0.151 
0.901 p.32 0.151 
l.l4 5.20 0.157 
l.l4 5.19 0.156 
1.38 5.08 0.175 
1.38 4.93 0.176 
1.58 5.05 0.176 
1.58 2.08 0.178 
0.037 5.05 0.083 
0.037 5.05 0.083 
0.239 2.06 0.123 
0.239 5.08 0.123 
0.487 k.99 0.141 
0.488 4.98 0.140 
0.737 5.00 0.152 
0.739 5.00 0.149 
0.995 4.99 0.155 
0.996 4.95 0.154 
1.25 5.01 0.154 
1.25 4.97 0.153 
1.49 4.87 0.164 
1.49 4.89 0.164 
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Table 12. Equilibrium data for the system YbCl_-HCl-HpO-l M D2EHPA at 
approximately 7«7 M HCl 
Concentration of 
YbCl. in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
HCl in 
Equilibrium Aqueous 
Phase 
moles/liter 
Concentration of 
Yb in 
Equilibrium Organic 
Phase 
moles/liter 
0.044 7.64 0.058 
0.043 0.058 
0.198 7.72 0.106 
0.198 7.69 0.106 
0.425 7.55 0.131 
0.425 7.57 0.131 
0.655 7.64 0.152 
0.655 7.70 0.152 
It is apparent, after comparing the equilibrium curves given in 
Figures 1, 2, 3, and 4, that for a given aqueous rare-earth chloride con­
centration and HCl concentration, the organic phase concentration of solute 
increased as the atomic number of the rare earth increased. The most 
obvious example is to compare the equilibrium curves of Gd and Yb at 
5.0 M HCl. Figure 5 shows that, for instance, at 1 M rare-earth chloride 
in the aqueous phase, the organic concentration of solute is increased by 
a factor of approximately 37. 
Calculation of Activity of Hydrochloric Acid in the Aqueous Phase 
In Figures 1, 2, 3» and 4 equilibrium curves at constant aqueous 
acidity were drawn. It will be noted, for instance, that at 0.8 M HCl 
when GdCl^  was the solute, two different rare-earth concentrations may be 
in equilibrium with organic phases that contain the same concentration of 
solute. As can be seen from Equation 15 the activity of the HCl in the 
aqueous phase is the important quantity rather than the acid concentration. 
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Therefore s one gross approximations and assumptions were made (sec-
Appendix) in order to obtain the activity of liCl in aqueous solution con­
taining HCl and GdCl^  of varying concentrations. Then the shape of the 
ecuilibriuBi curve could be determined when the acid activity, rather than 
the acid concentration, remained constant. Fig-ure 6 sho^ /zs some equilib­
rium data for the system GdCl^ -HCl-H^ O-l M D2EHPA and the curves are drawn 
at approximately constant activity of KCl. These curves show that at 
constant acid activity the organic concentration of the solute increased 
steadily as the aqueous concentration of GdCl^  increased. There was no 
relative maximum in the organic concentration with increasing aqueous 
concentration as was the case when constant acid concentration was con­
sidered as shown in Figure 1. 
The actual numbers obtained for the activity of HCl are relatively 
unimportant and probably are greatly in error. However, it is felt that 
the trends- obtained and the conclusions drawn are qualitatively correct. 
Separation Factor Studies 
Figure 7 shows results that have been obtained in determining the 
separation factor of Dy with respect to Gd using 1 M D2EHPA as the solvent 
and an acidic chloride solution of the rare-earth mixture as the aqueous 
phase. The molar ratio of DyCl^  to GdCl^  varied from 50:50 to 30:70 in 
the equilibrium aqueous phase and the two levels of equilibrium aqueous 
acidity investigated were approximately 1.4 M HCl and 2.1 M HCl. 
Due to the spread in the experimental data, it is difficult to draw 
any conclusions about the effects of total aqueous rare-earth concentration, 
equilibrium acidity of the aqueous phase, and the molar ratio of the 
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solutes in tiie aqueous pliase but some trends may be noted. It appears 
that at constant acidity and constant aolar ratio of the solutes the 
separation factor of Dy with respect to Gd increases to a rnaximur.i at about 
1.5 M total rare-earth chloride concentration of the aqueous phase and 
then decreases as the total aqueous concentration increases farther. Hov/-
ever, there was not the marked change in the separation factor with total 
solute concentration that was observed when the separation factor, 
was determined, (62, 66) for the perchlorate, nitrate, and chloride 
systems. It also appeared that in changing the ratio of GdCl_ to DyCl^  
J U 
in the equilibrium aqueous phase from 50:50 to 30:70, the separation factor 
increased slightly; however, increasing the aqueous acidity appeared 00 
decrease the separation factor slightly. It should be noted that, regard­
less of the conditions, the separation factor of Dy with respect to Gd 
was in the range of approximately 9 to 13- This agrees with the value of 
10.4 for 3 obtained by Pierce and Peck (37)• jjy ) uQ. 
Extraction of Lu in the System LuCl^ -HCl-H^ O-l M D2SHPA 
In order to determine if the extraction of Lu from a LuCl^ -HCl-H^ O-
1 M D2EHPA was similar to the extraction of Yb from a YoCl^ -HCl-H^ O-
1 M D2EHPA system, a single equilibrium, point of the former system was 
determined. The replicated data are shown in Table I3. It is observed 
that Lu was only slightly more extractable than was Yb under the same 
conditions of the equilibrium aqueous phase. This was as expected since 
Pierce and Peck (37) found the separation factor of Lu with respect to Yb 
to be only 1.86 for tracer levels in an aqueous perchlorate system. 
Table 13. Ecuili"briu:ri data for the system LuCi^ -HCl-rLO-1 M D2Iv'I?A 
approximately 5.0 M HCl 
Concentration of 
Ccuilibrium Acueous 
phase 
moles/liter 
Concentration of 
HCl in 
Equilibrium Aqueouc 
Phase 
moles/liter 
Concentration of 
Lu in 
Ecuilibrium Organic 
Phase 
moles/liter 
1.00 
1.00 
5.03 
5.04 
0.160 
0.160 
As in the case when Yb was the solute, it was not possible to com­
pletely strip all of the solute from the organic phase w-ith three portion 
of 6 M HCl using volumes double that of the organic phase. Consequently 
the organic phase concentration of the solute was calculated by differenc 
of the concentration of LuCl^  in the initial and final aqueous phases. 
Stripping of Yb and Lu from EcuilibrAted 1 M D2EHPA 
In initial experiments when using YbCl^  as the solute in the highly 
acidic acueous phase, it was found that stripping with four equal volumes 
of 6 M HCl would not remove all of the solute from the equilibrated 
organic phase. Higher concentrations of HCl were used with no additional 
solute stripped, and when stripping with 12 M HCl, there was a noticeable 
decrease in the amount of solute removed from the organic phase. 
Other acids of varying concentrations were also used with only 
limited success. Nitric acid, phosphoric acid, perchloric acid, and 
sulfuric acid were also used, but none of tbese reagents completely 
removed the solute from the solvent. 
The use of a reagent which would monomerize the solvent, and thereby 
reduce the extraction (6^ +) of the solvent was also tried. Alcohols, such 
as n-butenol and n-decanol, were added to the solvent and then the mixture 
was contacted with HCl. After contacting the organic solution -//ith the 
acid, a third phase formed vhich seemed to stay with the liquid organic 
phase. There seemed to be no advantage to using this type of additive to 
the organic phase. 
The use of a 20/j hydrofluoric acid solution was successful in removing 
the solute from the equilibrated 1 M D2E'HPA. The solvent was contacted 
four to five times with double volumes of hydrofluoric acid. The rare 
earth was removed as the insoluble rare-earth fluoride, and there seemed 
to be no effect on. the solvent after the contact. A 5^  solution of hydro­
fluoric acid v/as also tried, but that would not remove the solute as 
completely as the more concentrated acid. 
VThen using LuCl_ as the solute, five portions of double volumes of 
J — 
6 M HCl would remove only about 70^  of the solute from the organic phase. 
This indicated that this rare earth behaved like Yb. A 20% hydrofluoric 
acid strip solution was suctressful in removing all of the solute from the 
solvent. 
Extraction of Chloride by 1 M D2EHPA 
Figure 8 shows the concentration of chloride in an organic phase 
which was in equilibrium with various HCl solutions that varied from 6 M 
to 12 M in concentration. Sato (33) found that HCl was not extracted to 
any appreciable extent from aqueous solutions with concentrations less than 
6 M HCl. It will be noted that as the acid concentration of the equilib­
rium aqueous phase was increased to 12 M HCl, the organic concentration of 
chloride increased rapidly to a maximum value of about 0.29 M. Since HCl 
is tile only neutral species present in tiic acjucouc phase, it cocmc rearjon-
ablc that this is the entity which v;as extracted into the or-janic phase. 
Sincc the concentration, and therefore the availability, of the undis-
sooiated HCl increases as the acidity increased, it ic consistent that 
the extraction of this chloride-containing species should increase as the 
nominal ?IC1 concentration of the aqueous phase increases. 
Figure 9 shows the concentration of chloride in 1 M D2E:IPA which was 
in ecuilioriuia with varying concentrations of YbCl^  in acidic solution. 
The acid concentration of the aqueous phase was approximately constant at 
4.6 M for all YbClg concentrations. It vri.ll be noted that the concentra­
tion of chloride in the organic phase increased as the aqueous concentra­
tion of YbCl^  increased. Attempts to identify the extracted species have 
not been successful. However, since HCl was extracted frcm solutions con­
taining only HCl with total chloride concentration less than the presently 
considered solutions, it seems reasonable to assume that HCl is extracted 
into the organic phase. In some cases the concentration of Yb in the 
organic phase was greater than O.167 M, that which is necessary to saturate 
the organic phase according to Equation 2, with no evidence of a third 
phase. Consequently it seems that there may be extraction of rare-earth 
-r2 +1 
chloride complexes. The extraction of the complexes YbCl and YbCl^  by 
ion-exchange reactions, as well as extraction of the undissociated YbCl^ , 
would allow the concentration of To in the organic phase to exceed O.167 M 
without formation of the gelatinous third phase. The data of Table l4 
indicates that possibly all of the extraction reactions given by Equations 
12 and 13 occur simultaneously with the conditions of the equilibrium 
aqueous phase dictating the predominant reaction or reactions. 
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Table l4. Equil ibrium data for the system YbClg-HCl-H 0-1 M D23HPA 
Ac ue ous Aqueous Organic Organic 
Concentration of Concentration of Concentration of Concentration of 
YbCl_ KCl Yo Chloride 
moles/liter moles/liter moles/liter molos/liter 
0.492 
0.491 
1.00 
1.00 
1.50 
1.50 
1.77 
1.77 
4.89 
4.88 
4.92 
4.91 
4.60 
4.80 
4.69 
4.70 
0.136 
0.137 
0.143 
0.145 
0.175 
0.173 
0.173 
0.169 
0.010 
0.009 
0.033 
0.033 
0.085 
0.082 
0.094 
0.089 
If the chloride concentration of the organic phase is considered as 
a function of the total chloride concentration of the acueous phase 
(Figure 10), it is apparent that the presence of Yb in the acueous phase 
increases the extraction of chloride-containing spec_ies "by the organic 
phase. This is evident since the organic phase in equilibrium; with an 
aqueous phase containing both HCl and ToCl, has a higher chloride concen­
tration than does the organic phase in equilibrium with an aqueous phase 
_having the same total chloride concentration contributed only by HCl. 
Supplementary studies were performed to measure the chloride concen­
tration of 1 M D2EHPA which had been in equilibrium with aqueous solutions 
containing varying concentrations of LaCl^ , and approximately 4.8 M HCl. 
It was found that there was less chloride extracted into the organic phase 
for the La system than was extracted from the Yb system under the same 
conditions in the equilibrium aqueous phase (i.e. for a particular aqueous 
phase rare-earth chloride concentration with constant acidity). 
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Figure 10. Chloride concentration in the organic phase for the 
systems rICl-H 0-1 M D2EKPA and YbCl -HCl-H 0-
1 M D2EHPA 6 2 
It was also iOiiiid that an cv;>s,rdc nUirx: in c;cai;:.iLrivr;, ;;C1 
solution having a particular chloride (;on.';outration had a n.-. : cldo 
concentration than did an or.^ anic pha.so in equilibrium with o,n a^ ucou:: 
phase containing both LaCl^  and IICl having the same total chloride concen­
tration. These data, together with the Yb-systera data, indicate that •;he' 
concentration of chloride in the organic phase depends upon the lanthanide 
present in the system, and that some of the rare earths (i.e. Yb) enhance, 
•^ vhile others (i.e. La) depress, the extraction of chloride. 
Infrared Studies 
Infrared spectra of organic phases which were in equilibrium with HCl 
solutions and acidic YbCl^  solutions were studied to determine the effect 
of the extracted species on the solvent. There was no indication that 
HCl, regardless of its concentration in the equilibrium aqueous phase, was 
changing the frequency of the characteristic bands (P=0, or P-OH and 
P-O-C) of the dimerized solvent. The acid may be present in the organic 
phase as "dissolved" HCl where the acid has replaced some of the dissolved 
water which may have been present in the solvent. 
The presence of Yb in the organic phase causes a shoulder at 1207 
-1 -1 
cm in ôhe P=0 stretching band which was found at 1232 cm . This is 
consistent since the presence of the Yb should cause the band to shift 
slightly dovmward indicating a weaker P-0 bond. 
The shoulder at 9^ 9 cm ^  in the P-OH and P-O-C stretching band, found 
at 1035 cm~^ , indieatiêd the preseiiGo of Yb in plaQg Qf the hydroggn atom, 
which is expected in an ion-exchange reaction. 
These shifts in the stretching frequencies indicate that the pri:.'.ary 
extraction reactions arc chelation reactions, cat the extracted spociec 
cannot be identified. Therefore, the ytterbium-chloride compiexsc, YbCl 
•fl -r^ . 
and YbClg , in addition to the generally expected trivalent ion, Yb , 
may be extracted by ion-exchange reactions. 
Additional Results 
In the process of obtaining the equilibri-om data presented previously 
two series of runs were made where a gelatinous third phase was found 
after equilibration of the two phases. This is the polymeric material 
described by inany investigators {j, 11, 13, 21), and its presence was 
attributed to the fact that the ratio of metal to solvent in the organic 
phase was greater than l/6. 
In studying the system DyCl^ -ECl-HgO-l M D2EHPA a gelatinous third 
phase was evident when the concentration of HCl was approximately l.Op M. 
After centrifuging the organic phase to be certain that all of the solid 
waxy material was removed from the liquid phase, the liquid organic phase 
was analyzed as though no third phase were present- The equilibrium 
results obtained are show-n in Table 15. It shows that the gelatinous 
material formed even though the ratio of the metal concentration to the 
concentration of the solvent in the organic phase was less than I/o. In 
the case of 1 M D2EHPA, the concentration of Dy in the organic phase would 
have to be O.lo? M in order that this ratio have the proper value. As 
can be seen from the table, the maximum value for the organic concentration 
was only 0.128 M, considerably less tha'c the theoretical value of O.luY M. 
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Table 15- Equilibrium data for the system DyCl^ -HCl-H^ O-l M D2EHPA 
at approximately I.05 M HCl T-rith presence of gelatinous 
third phase 
Concentration of Concentration of Concentration of 
DyCl^  in HCl in Dy in 
Equilibrium Aqueous Equilibrium Aqueous Liquid Organic 
Phase Phase Phase 
moles/liter moles/liter moles/liter 
0.062 1.06 0.112 
0.064 1.06 0.112 
0.258 1.11 0.124 
0.257 1.10 0.124 
0.510 1.08 0.127 
0.511 1.08 0.126 
0.760 1.07 0.126 
0.754 1.07 0.126 
1.22 1.04 0.126 
1.21 1.06 0.126 
1.53 1.02 0.126 
2.02 0.96k 0.121 
2.02 0.979 0.128 
2.51 0.878 0.123 
2.50 0.888 0.122 
As was mentioned when discussing the system YbCl^ -HCl-H^ O-l M D2EHPA, 
the concentration of the solute in the organic phase reached O.I76 M and 
no waxy precipitate was noticed. This is further evidence that the 
criteria for formation of the third phase is more complex than has been 
given to this time. 
The diluent employed in the extraction, as well as the presence of 
the various species which have been extracted into the organic phase, may 
affect the formation of the gel. After any solute has been extracted, the 
environment of the active solvent is changed which probably affects the 
ability of the active solvent to extract. If the diluent and the already 
extracted species somehow restrict the usual ion-exchange reaction of the 
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solvent, the gelatinous third phase may form when the bulk concentration 
of solute in the liquid organic phase is below the value of C.167 M, as 
was evident for the Dy system described. It may also be possible- %hat 
local concentrations of solute in the organic phase may exceed O.167 U, 
and therefore form a third phase, while the bulk of the organic phase rnay 
contain solute with concentrations considerably less than O-I67 M. If, 
however, the previously extracted species and the diluent are able to acô 
as a "solvent" for material which under other circumstances would for a 
third phase, the concentration of the solute in the organic phase would 
exceed the O.167 M value. The extraction of metal-chloride complexes, 
either by ion-exchange reactions or by the extraction of the neutral I4C1^  
molecule, could also account for concentration of the liquid organic phase 
being greater than O.167 M. 
It is apparent that the nature of the extracted species and the nature 
of the diluent also influence the formation of the third phase. The nature 
of the extracted species is, in turn, dependent on the rare earth which is 
present to form the extracted species. It is felt that the rare earth 
which is being extracted and the diluent, as well as the concentration of 
the lanthanide in the organic phase, determine the conditions necessary 
for the presence of the waxy, gelatinous material. 
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CONCLUSIONS 
1. The equilibrium curves of the higher rare-earth chlorides at lower 
acidities are similar in shape to the equilibrium curves observed for the 
lower rare eai-ths, but differ in shape as the acid concentration of the 
equilibrium aqueous phase is increased. 
2. As the atomic number of the metal increased, the extraction of the 
metal into the organic phase also increased. 
3. The equilibrium curve did not exhibit a relative maximum when acid 
activity rather than acid concentration was used as the parameter in 
plotting the equilibrium curve. 
h. The separation factor of Dy with respect to Gd was found to be approxi­
mately that published by Pierce and Peck (37) even though an acidic chlo­
ride solution of the solutes was used in this study. Under all experi­
mental conditions studied , was in the range of approximately 9 to 
Dy^ ud. 
13. 
5. It appeared that as the ratio of GdCl^  to DyClg in the equilibrium 
aqueous phase was changed from 50:50 to 70:30, the separation factor 
increased slightly, while increasing the equilibrium acidity of the 
aqueous phase appeared to decrease the separation factor. 
6. It was found that Lu was extracted only slightly better than was Yb 
under the same conditions of the equilibrium aqueous phase. Stripping 
the Lu-containing organic phase four times with double volumes of 6 M 
HCl would not remove all of the solute from the organic phase as was also 
found when Yb was the solute. 
7- A 2Cffo hydrofluoric acid solution was the reagent which would remove 
ail or the Tc or Lu, which had beerx extracted, frora the solvent. 
o. There is definitely extraction of chloride-containing: species into 
1 M D2ErI?A. HCl is probably extracted frojn aqueous solutions of HCl 
having concentrations of 6 M or greater. The identities of the extracted 
species from solutions containing both rare-earth chloride and HCl have 
not been determined, but since the concentration of rare earth in the 
organic phase exceeds O.167 M, without formation of the gelatinous third 
phase, the extraction of rare-earth chloride complexes seems plausible. 
9. Chloride-containing species are extracted into the organic phase 
regardless of the atomic number of the rare earth which is present in zhe 
system provided a sufficiently high chloride concentration is present in 
the equilibrium aqueous phase. 
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APPICISJIX 
Calculation of tlie Activity of l-Iydrochloric Acid 
in Acidic Gadolinium Chloride Solutions 
The cquilibriuin data for the rare-earth chloridec hac been zhcr/m. in 
Figure 1, 2, 3, and 4. Lines of constant acid concentration in the e%ui-
libri'om aqueous phase have been drai-.T.; however, if the ecuilibriur.'i con­
stant of the extraction reaction given by Equation A-1 is considered, the 
activity of the hydrochloric acid in the aqueous phase and not the concen­
tration is the important quantity. 
Then to calculate the activity of hydrochloric acid in the presence 
of varying concentrations of gadolinium chloride a number of assumptions 
were necessary. Justification and the importance of each assumption will 
be given as the need for the assumption becomes apparent. The goal of 
the calculation was to obtain the mean molar activity coefficient y_^  which 
is defined by Equation A-2. 
y. = (A-2) 
All of the activity coefficient data given by Harned and O.^ en (67) are 
given in terms of molality, m, and the mean molal activity coefficient, 
Y^ . Therefore it wa,s neces§a,ry to impress all concentrations, previgugly 
expressed in molarity, in molality. It should be noted that the molal 
activity is different from the molar activity. 
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The steps in the calculation oi" the activity of hydrochloric acid 
ivill now be given; 
1. Using density data obtained from Weber" giving the density of 
rare-earth solutions at the eouivalence point as a polynorriial func­
tion of molality of the rare-earth chloride and then assuming the 
density of a rare-earth solution containing hydrochloric acid is not 
a function of the acidity, the molality of the rare-earth chloride, 
the molality of hydrochloric acid, and the ionic strength of the 
aqueous phase i-.'ere calculated. If a more exact calculation of the 
activity were desired the density could have been obtained experi­
mentally; however, since this calculation was an estimate the 
approximation was used. 
2. Data obtained from Earned and O.v-en (67) which gives the mean 
molal activity coefficient of hydrochloric acid as a function of the 
molality of the hydrochloric acid in Table (14-9-lA.), page 751, 
together with data given in Table (14-2-lA), page 751, for the mean 
molal activity coefficient of hydrochloric acid in solutions of 
constant ionic strength containing aluminum chloride and hydro­
chloric acid were used to plot Figure A-1. Curves for constant ionic 
strength greater than 5 were dravna in by eye using those curves at 
ionic strengths 3 and $ as a guide. The aluminum chloride solution 
was used because pertinent data for rare-earth chloride solutions is 
\7eber, H.j Ames Laboratory, Iowa State University of Science and 
Technology, Ames, Iowa. Density of GdCl^  solutions at the equivalence 
point. Private Communication. 1956. 
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not available and aluniinuraj being a trivalent rrietal, was r:ubr:tirated 
3- From Ii'lgwe A-1 using the appropriate ionic strength and noj.alit 
of hydrochloric acid, the mean nolal activity coefficient of hydro­
chloric acid in a gadolinium chloride solution was obtained for eacir. 
experimental point. 
4. Scuation (l-S-15) from l-Iarned and Oi^ en (67) was used to convert 
the mean molal acitivity coefficient to the mean molar activity 
coefficient, y±. Then the activity of hydrochloric was calculated 
according to Equation A-2. 
5. Each experimental'ecuilibri-am. point than had a characteristic 
activity of hydrochloric acid and lines of constant activity were 
drawn.. 
Table A-1 shows the results obtained from the calculations and from 
Figure A-1. Figure 6 shows the equilibrium data for the system GdCl--
HCl-HgO-l M D2EHPA with curves of approximately constant activity of 
hydrochloric acid dravra. in. These curves show that the organic concentra 
tion of the solute increases steadily as the aqueous c01-.centrâtion of 
gadolinium chloride is increased. 
The actual nuinbers obtained for the activity seem to be very high in 
some instances. These values may be greatly in error due to the many 
assumptions and approximations that were necessary in order to make the 
calculation, but it is felt that the trends and conclusions obtained are 
qualitatively correct. 
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Table. A-1 (Coutinuod) 
molar 
1 
(Gd)„ 
ino].av 
(HCl)^ 
molar 
density 
g/ml. 
(GdCl ) 
mo].al 
I.I78 0.011 2.81: 1.40 2.03 
1.99 0.012 2.87 2 . k 2  
1.98 0.012 2.83 i.ii5 2. lu 
} 
ionic Y-.I: [ncil 
molal strength noJ.ar 
3.2)| l^Jl 30.0 22.3 63.3 
3.50 18,0 41.2 30.6 87.9 
3.^5 17.9 ill.2 30.6 85.9 
